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HISTOCHEMICAL STUDIES ON THE SKIN
II. THE ACTIVITY OF THE SUccINIC, MALIC AND LACTIC DEHYDROGENASE SYSTEMS DURING
THE EMBRYONIC DEVELOPMENT OF THE SKIN IN THE RAT*
KEN HASHIMOTO, M.D., KAZUO OGAWA, M.D., Ph.D. AND WALTER F. LEVER, M.D.
As a continuation of our histochemical studies
on the skin (1), the changes in the succinic, malie
and lactic dehydrogenase systems during the
embryonic development of the skin have been
investigated. Practically no work has been done
as yet on the activity of any of these dehydroge-
nase systems during the embryonic development
of the skin; and only the succinie dehydrogenase
activity has been investigated in adult skin by
several authors (2—6).
MATERIALS AND METHODS
Animal Material. Twenty-five rats of the
Wistar strain were used. Twelve of these were
embryos (3 each on the 12th, 14th, 16th and 18th
days of gestation), 2 were new-born (the period
of gestation varied from 19 to 21 days), 3 were
ten-day-old, 3 were fifteen-day-old and 5 were
adults. The adult rats weighed approximately
100 g. New-born and older rats were killed by a
blow on the neck without anesthesia. Hair was
shaved off the back, and skin specimens were
taken from there and cut into small square pieces.
These pieces were immediately immersed for about
five minutes into ice-cold 0.1 M Sorensen's phos-
phate buffer and then used for frozen sections.
(The buffer had a pH of 7.6 for the study of the
succinic dehydrogenase system and a pH of 7.4
for the study of the malic and lactic dehydro-
genase systems). In embryos, skin was removed
from the back while they were still alive. Frozen
sections, approximately 20 in thickness, were
made from the fresh skin specimens.
Histochem feat Demonstration of the Succinic
Dehydrogenase System (SDS). Ogawa and Zim-
merman's method (7) was employed to demon-
strate the succinic dehydrogenase system. As a
rule, nitroneotetrazolium chloride (nitro-NT)
was used as an electron acceptor. Occasionally,
however, nitro-blue tetrazolium (nitro-BT) was
used, instead.
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After an incubation for 3 to 12 hours at 37° C.
the sections were removed from the incubation
medium, rinsed briefly in 0.1 M Sorensen's phos-
phate buffer, pH 7.6, and fixed in neutral formalin
for 2 to 3 hours at room temperature.
In some instances, quinone compounds, such as
menadione (8, 9), phenanthraquinone (9) or Co-
enzyme Q7 (8, 10), were added to act as a mediator
in the electron transfer between the succinic
dehydrogenase and the tetrazolium salts. The
final concentration of menadione as well as of
phenanthraquinone was 0.1 mg. per ml. of in-
cubation medium.
For controls were used a substrate-free medium
and also the incubation medium containing, in
addition to sodium succinate, sodium malonate as
competitive inhibitor in the same final molar
concentration as sodium succinate.
Histochemical Demonstration of Malic (MDS)
and Lactic (LDS) Dehydrogenase Systems. The
method of Nachlas et at. (11) was used to demon-
strate the MDS and LDS. Diphosphopyridine
nucleotide (DPN) was used as coenzyme. After 2
hours of incubation at 37° C. the sections were
taken out of the incubation medium, rinsed
briefly in distilled water and fixed in neutral
formalin for 2 to 3 hours at room temperature.
In some case, quinones, such as menadione,
phenanthraquinone or Coenzyme Q, were added
to the incubation media, just as had been done in
the case of demonstrating the activity of the
SDS. A substrate-free incubation medium was
used as a control. Also, incubation media con-
taining iodoacetic acid as sulfhydryl inhibitor in
a final concentration of 0.01 M, 0.05 M or 0.1 M
were used.
With the methods described above, pink repre-
sents a weak reaction of the enzymes, purple to
blue a moderate reaction, and dark blue a strong
reaction, although there have been objections to
such a simple interpretation (12). A pink color
also occurs as the result of a non-enzymatic dis-
solution of formazan granules (that have formed
in true reaction sites) in lipids, for example in
sebaceous cells and subcutaneous fat cells (12, 13).
RESULTS
Succinic Dehydrogenase System (SDS). In 12-day
old embryos (Figs. 1 and 2) the epidermis con-
sisted of an inner layer, the stratum germinati-
vum (StGer), and an outer layer, the periderm.
The cytoplasm of the large vesicular cells in
these two layers stained diffusely pink, while
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along the cell walls fine, blue formazan granules
were deposited. The large nuclei of these cells
did not stain. The primordia of primary epi-
thelial germs, which were observed occasionally
as slight bulges extending downward from the
stratum germinativum, showed a slightly more
intense reaction than the stratum germinativum.
There was an increase in the number of mesen-
chymal cells (Mc) in the dermis immediately
beneath each bulge of the stratum germinativum.
These cells, representing the anlage of the hair
papilla, stained weakly. Large mesenchymal cells
were sparsely distributed through the dermis and
contained small positive granules.
In 14-day old embryos (Figs. 1 and 3) the large,
columnar, palisade-like cells of the stratum
germinativum showed a strong reaction; while
the stratum intermedium and the vesicular cells
of the periderm stained less strongly. The primary
epithelial germs, which at this stage of develop-
ment appeared as bulbous pegs, had as an outer
lining large columnar cells which resembled the
cells of the stratum germinativum and contained
fine purplish formazan granules in their cyto-
plasm above and below their nuclei. Thus, two
purplish lines of granules were seen running
parallel over the peg-shaped protrusions of the
primary epithelial germs, while the cells located
in the center of the germs stained diffusely pink.
The anlagen of the hair papillae (PA) were
moderately reactive. In the dermis an interlacing
network of capillaries (C) stained faintly against
a negative background. Weakly reactive mast
cells (Mt) were concentrated in the uppermost
dermis. Dermal muscles (M) stained uniformly
pink in all fibers.
In 16-day old embryos (Figs. 1 and 4) the basal
layer of the epidermis reacted more intensely
than the other layers. The intensity of the reac-
tion gradually decreased toward the surface of
the epidermis. The gradual transformation of
large squamous cells, rich in cytoplasm, to par-
tially keratinized, flattened cells caused in the
upper stratum malpighii a condensation of intra-
cytoplasmic formazan granules. The granules
were arranged in several stratified, undulating
lines running parallel to the alignment of the
partially keratinized cells and to the undulating
surface of the epidermis (See arrows in Fig. 4).
The rather thin horny layer was composed of not
yet completely keratinized cells stippled with
fine formazan granules. However, the reaction
in the horny layer was in part non-enzymatic,
because the cells of the horny layer stained not
only in substrate-containing media but also in
substrate-free media, though to a lesser degree,
when nitro-BT was used as electron acceptor,
and, furthermore, this staining reaction could be
inhibited by the addition of iodoaeetate in a final
concentration of 0.01 M or higher. When control
sections were incubated in substrate-free media
with nitro-NT rather than with nitro-BT, no
formazan granules formed in the cells of the
horny layer. The primary epithelial germs (PC),
which were in the late bulbous peg stage, showed
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Fxo. 1. Schematic outline of the succinie, malic
and lactic dehydrogenase systems (SDS, MDS and
LDS) during the embryonic development of each
skin element. A: Arrector pili muscle. AnPG:
Anlage of primary epithelial germ. B: Bulge. C:Capillary. CH: Club hair. F: Fat cell. HC: Hair
cone. HG: Hair germ. K: Keratogenous zone. M:
Muscle fiber. m: Intermediary fiber. MC: Mesen-
ehymal cell. Mt: Mast cell. P: Hair papilla. Pp:
Anlage of hair papilla. P and Bb: Hair papilla and
hair bulb. Perid: Periderm. PC: Primary epithelial
germ. r: Red muscle fiber. 5: Sebaceous gland.
SC: Secondary epithelial germ. St.Cer: Stratum
germinativum. V: Vessel. w: White muscle fiber.
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FIG. 2. SDS stain. 12-day old embryo. The epidermis consists of an inner layer, the stratum germi-
nativum (StGer), and an outer layer, the periderm. There is shght downward bulging of the stratum
germinativum, indicating the primordium of the primary cpithelial germ, with increased enzymatic
activity. Fine formazan granules are located in the periphery of most of the large vesicular cells of
the epidermis. Beneath the bulge of the stratum germinativum, there is a concentration of mcscnchymal
cells (Mc) indicating the earliest stage in the formation of a hair papilla. (X 600.)
FiG. 3. SDS stain. 14-day old embryo. The large cuboidal cells of the stratum germinativum and of
the outer layer of the primary cpithelial germs show a palisade-like arrangement and stain alike. Large
nuclei occupy a considerable part of the cells resulting in the accumulation of reactive granules above
and below the nuclei, which thus form two dark hnes, one above and one below the nuclei, parallel to
the surface of the epidermis. Mast cells in the upper dermis (Mt), the anlagc of a hair papilla (PA),
muscle fibers (M) and faintly stained capillaries (C) show enzymatic activity. (X 150.)
a strong rcaction at their advancing border. The
hair papillac (P) enclosed in thcsc strongly reac-
tive borders stained less strongly than they had
in 14-day old embryos. Strongly reactive sec-
ondary epithelial germs (SG) were emerging
from the epidermis on both sides of the fairly
well developed primary epithelial germs. The
capillaries of the dermis stained faintly. Two
types of muscle fibers, namely strongly reactive
fibers (R), staining dark-blue, and weakly reac-
tive fibers (SAT), staining pink, were found in the
dermal muscles, although this differentiation was
not yet as striking as in older specimens. Connec-
tive tissue cells and mast cells in the upper
dermis stained moderately.
In 18-day old embryos (Fig. 1 and Fig. 5) the
staining reaction of the epidermis and of the
epithelial germs was moderately increased as
compared with younger specimens. WTe11 devel-
oped hair follicles contained hairs with strongly
reacting keratogenous zones (K). Younger hair
follicles contained no mature hairs as yet but
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FIG. 4. SDS stain. 16-day old embryo. The basal
layer is strongly reactive. It shows many descend-
ing primary (PG) and secondary (SG) epithelialgerms. In the upper stratum malpighii reactive
granules (arrows) are arranged in stratified, undu-lating lines corresponding to the arrangement of
the squamous cells (cf. Figs. 11 and 13). In the
dermal muscles, darkly stained fibers (R) are
intermingled with weakly stained fibers (W.)
Numerous connective tissue cells and mast cells
in the upper dermis are stained. A hair papilla(P) is stained less intensely than the surrounding
hair bulb. (X 150.)
showed strongly reactive hair cones (HC) above
their bulbs. The reaction in these hair cones was
as strong as in the keratogenous zones of well
developed hair during the growing phase (14).
Inhibition studies with iodoacetate revealed
that the tetrazolium reduction in the keratoge-
nous zones and in the hair cones was non-enzy-
matic and caused by the sulfhydryl groups. The
anlagen of the sebaceous glands (AnS) stained
strongly positive. Weakly reactive bulges (B)
were observed on many hair follicles below the
sebaceous gland anlagen. Fat globules (F) in the
dermal fat tissue stained faintly pink. This color
reaction was non-enzymatic since it was caused
by formazan granules derived from nitro-NT
that had dissolved in the lipid (12).
In newborn rats (Fig. 1) all elements of the
skin that had reacted in younger specimens
continued to be reactive. As a matter of fact, all
elements reacted more intensely, with the excep-
tion of the capillaries and the hair papillae which
showed a diminished reactivity. The staining
reaction of the sebaecous glands was greatly
increased in the peripheral germinative cells
which contained dark-blue formazan granules
indicative of an intense enzymatic activity, while
the mature sebaceous cells which began to appear
in the center of the acini showed a pink color
due to the dissolution of formazan granules in
the lipid. In about one-fifth of the follicles the
weakly reactive bulges below the sebaceous
glands could still be seen. The differentiation of
two types of muscle fibers, first noted in the
16-day old embryo, became more apparent in the
newborn rat.
In 5-day old rats (Fig. 1) the staining intensity
of the epidermis on the whole appeared to be
diminished; but this was due mainly to the fact
that the thickness of the stratum malpighii had
decreased in comparison with the thickness
of the horny layer. As incomplete keratinization
was being replaced by complete keratinization,
the undulating linear chains of reactive granules
between the stratum malpighii and the stratum
corneum, as described in the 16-day old embryos,
became barely visible with nitro-NT (Fig. 6).
With nitro-BT, however, a faint reaction could
still be observed in a thin layer beneath the
stratum corncum; but, since this reaction could
be inhibited by iodoacctate, it was non-enzymatic
and attributable to the presence of sulfhydryl
groups. The lower portion of the hair follicles and
the hair bulbs showed an increased enzymatic
reaction in comparison with specimens from
younger rats (Fig. 7). The inner root sheath
reacted only in the lower portion of the hair
follicles (Fig. 7) and became negative as it
became hyalinized above the level of the kerato-
genous zone (Fig. 6). The outer root sheath
showed only slight activity. The enzymatic
reaction in the hair papillae (Fig. 7) and in the
capillaries had decreased further in comparison
with newborn rats, so that it became quite diffi-
cult to visualize the capillaries and hair papillae
from this stage on.
In 10-day old and adult rats (Fig. 1) all pre-
viously reactive elements, which had shown a
tendency to increase in their reaction intensity,
continued to be more reactive with increasing
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Fin. 5. 81)8 stain. 18-day old embryo. The primordial anlage of a sebaceous gland (AnS) shows a
strong reaction. A bulge (B) is seen below the sehaeeous gland anlage on a well developed follicle. Hairs
are seen in various stages of formation. The keratogenous zone of a hair (K) and a hair cone (HC) are
intensely stained. The staining reaction in the hair papilla (P) is greatly diminished in comparison
with Fig. 4. Fat globules (F) stain slightly. (X 150.)
Fio. 6.81)8 stain. 5-day old rat. The thickness of the cellular non-keratinized epidermis has decreased
and reactive granules are no longer present in the subcorneal layer. Well developed hairs occupy the
hair follicles. The reactivity of the inner and outer root sheaths is diminished. The keratogenous zone
of hairs (K) and the sebaceous glands (8) are reactive. (X 150.)
maturity. An intermediary type of dermal muscle
fiber (Fig. 1 and Fig. 8) (m or M) showing an
enzymatic staining reaction intermediary be-
tween dark-staining (r or R) and light-staining
(w or W) fibers could be recognized. In the inter-
mediary type of muscle fibers the fine formazan
granules were aligned in many parallel lines in
the sarcoplasm between the myofibrils. Arrector
pili muscles first became reactive at this stage.
Their staining intensity corresponded to the
intermediary type.
Comparison of the growing phase with the
resting phase of the hair follicles in adult rats
revealed that in resting hair follicles (Fig. 1 and
Fig. 9) the number of layers of viable epidermal
cells was decreased, as already described by
Chase (15), and the staining reaction was
diminished. The epithelial sacs (Es) of club hairs
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FIG. 7. SDS stain. 5 day old rat. The intensity
of reaction in the lower portion of the follicles,
especially in the bulbs, has increased. On the
other hand, the hair papillae (P) have lost their
reactivity. (X 150.)
and the cord-like elongations of shrunken lower
follicles projecting downward from the base of
the epithelial sacs, called "hair germs" (HG),
reacted weakly after 3 hours of incubation and
reacted moderately following incubation over-
night. A part of the reaction in the epithelial sacs
was revealed to be non-enzymatic by control
and inhibition studies and, therefore, was at-
tributable to sulfhydryl groups. Sebaeeous glands,
arreetor pili muscles, dermal muscles and con-
nective tissue cells reacted as intensely in the
resting as in the glowing phase of the skin.
Skin specimens that were incubated in media
containing quinone compound, such as Coenzyme
Q, menadione or phenanthraquinone, showed a
greatly intensified staining reaction, particularly
the adult specimens. This was observed irrespec-
tive of whether nitro-NT or nitro-BT was used
as electron acceptor.
Malic (MDS) and Lactic (LDS) Dehydroytnase
Systems. The reduction of tetrazolium salts was
Fin. 8. SDS stain. Adult rat. Cross-section of
dermal muscle fibers. Three types of fibers can be
recognized: small fibers (R) with considerable
activity, large fibers (W) with slight activity and
medium-sized fibers (M) with moderate activity.
(X 600.)
much more intense by the MDS and LDS than
by the SDS in all stages of the development of
the skin from the embryonic stage (Fig. 10)
through the newborn (Fig. 11) and immature
stage (Fig. 12) to the adult stage (Fig. 13). How-
ever, there were no fundamental differences in
the distribution of these three enzyme systems,
with the one exception that the large vessels,
which were not stained by the SDS, were stained
by the MDS and LDS (Fig. 1). In addition, the
connective tissue cells, including the mast cells
in the upper dermis, and the cellular non-keratin-
ized epidermis, which reacted only weakly to the
stain for the SDS, stained strongly for the MDS
and LDS with distinct depositions of formazan
granules in the cytoplasm (Fig. 13).
During the embryonic development, the stain-
ing reaction of the MDS and LDS in the walls
of capillaries appeared stronger and persisted
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was the result of the presence of sulfhydryl
groups (Fig. 14).
Quinone compounds did not enhance the reac-
tion intensity in the ease of the LDS and MDS
when nitro-NT was used as electron acceptor, as
they did in the case of the SDS.
DISCUSSION
FIG. 9. 51)5 stain. Adult rat, resting phase.
Three hours' incubation. The cellular epidermis
shows reduced thickness and diminished reac-
tivity. The epithelial sac (ES) of a club hair, the
"hair germ" (HG) and the outer root sheath in
the upper portion of the hair follicle show a de-
creased reaction as compared with the growing
phase. On the other hand, a sebaceous gland (5)
and numerous connective tissue cells (arrows)
around the hair follicle are stained as strongly as
in the growing phase. (X 150.)
into a later stage of development than the stain-
ing reaction of the SDS, namely into the newborn
stage (See Fig. 1). Also, the arrector pili muscles
became reactive already io 5-day-old specimens,
while they became reactive for the SDS only
after the 10th day of birth (Sec Fig. 1); and
furthermore, the incompletely keratinized cells
between the stratum malpighii and stratum
corncum retained activity of the MDS and LDS
even after the reaction for the SDS had ceased
to be present in rats 5 days old (Fig. 13).
In the matured hair the outer and inner root
sheaths and the mcdullary cells were as intensely
reactive with the MDS and LDS stains as with
the SDS stain. This reaction was due to enzy-
matic activity; while the staining of the cortex
The results of the present investigation on the
distribution and activity of SDS in the adult rat
skin are in essential agreement with those re-
ported on adult mammalian skin (2—6). The dis-
tribution of the MDS and LDS, which had not
been previously studied histochemically in the
skin, does not differ essentially from the distribu-
tion of the SDS.
The enhancement of the SDS activity by the
addition of quinonc compounds such as Cocnzyme
Q7, mcnadione and phcnanthraquinonc is in good
agreement with the report by Wattcnberg and
Gronval (8), indicating that the concentration
of quinones in normal tissue is below that re-
quired for maximal activity of the SDS. It should
be noted, however, that recent data obtained by
Green (16) suggest that lipoic acid rather than
quinones is involved in the electron transfer
system of DPN-linked enzyme systems such as
the MDS and LDS.
In the following, the enzymatic activities of
the SDS, MDS and LDS will be discussed
together.
Epidermis. The fact that the vesicular cells of
the pcridcrm stained in substrate-free media
when nitro-BT was used as electron acceptor but
did not stain when nitro-NT was used, can be
explained by the higher redox potential of nitro-
BT. The successful inhibition of the reaction by
iodoacetatc indicates that sulfhydryl groups con-
tribute, to some extent, to the positive reaction
in these incompletely kcratinizcd cells of the
pcriderm. The reactive granules in the cytoplasm
of the cells of the stratum germinativum and
stratum intcrmedium in embryos became larger
and more numerous as the cells in these layers
differentiated into basal and squamous cells of
the same size as found in adult rats, 5 to 10 days
old. This fact is in agreement with our observa-
tion that in most reacting structures full activity
of SDS, MDS and LDS is attained with full
maturity.
Hair Follicles. As in most of the reacting struc-
tures of the skin, the three dehydrogcnase systems
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FIG. 10. LDS stain. 14-day old embryo. Strong enzyme activity is evident in the basal, malpighian
and keratinizing layers of the epidermis. In the cuboidal cells of the basal layer and in the large poly-
gonal cells of the stratum malpighii, numerous reactive granules are arranged around nuclei. In the
outer keratinizing layer of the epidermis, fine formazan granules lie in multiple planes parallel to the
surface. A primary epithelial germ (P0) is seen descending from the stratum germinativum. (X 600.)
wcre active already in the primordium of the
primary epithelial germs in 12-day old embryos
and their activity steadily increased through the
bulbous peg stage to full maturity of the hair
follicle. The bulges forming temporarily on the
hair follicles below the sebaeeous glands showed
only a weak reaction. The lower portion of the
follicles was more reactive than the upper portion.
This was especially apparent in the advancing
border of the epithelial germs of the embryo and
in the hair bulbs of the adult rat. The triangular
cone of cells situated above the tip of the hair
papillac (P) stained even mnre intensely (ef.
Fig. 7) than the cells in other parts of the bulb.
It is well known that the triangular cone of the
bulb, which corresponds to the prekeratinization
and elongation regions, is metabolically very
active in connection with hair formation (17).
The hair papillae reacted only moderately in
early embryonic life and, in contrast to the epi-
thelial structures of the hair, the reaction in-
tensity in the hair papillae decreased rapidly
with maturation of the embryo.
Sebaceons Glands. The anlagen of the scbaceous
glands reacted intensely in 18-day old embryos.
In newborn rats, differentiation took place into
dark-blue stained peripheral cells and pink-
stained central schaceous cells. Since substrate-
free media failed to stain the sebaeeous glands,
the reaction in the peripheral cells must be at-
tributed to true enzyme activity.
Ilfuscular Elements. Previous authors (2, is)
have described in skeletal and ocular muscles
two kinds of muscle fibers in terms of activity of
the SDS, namely small fibers with strong re-
activity and large fibers with weak reactivity.
Ogata (19—20) described, in addition, a third
type of fiber intermediary in size and in intensity
of staining not only to the SDS but also to cyto-
chrome oxidase and DPN diaphorase. In the
present investigation it was found that three
kinds of dermal muscle fibers were recognizable
also in regard to the MDS and LDS. It has been
stated (19—22) that the small fibers with high
enzymatic activity correspond to the red muscle
fibers described by Ranvier (23) and are con-
cerned with slow tonic movement, and that the
large fibers with low enzymatic activity corre-
spond to the white muscle fibers involved in fast
phasic movement. In our studies, the differentia-
tion of the muscle fibers into those with high and
those with low enzymatic activity was not recog-
nizable in early embryonic life; but in 16-day old
embryos the differences between these tivo types
of fibers became apparent, and in 10-day old and
adult rats also the intermediary type of fibers
described by Ogata (19—21) could be recognized.
According to Cogan and Kuwabara (18) the
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Fin. 11. MDS stain. New-born rat. The intense
enzyme activity present in the malpighian layer
gradually diminishes through the keratinizing
zone and is absent in the fully keratinized layer.
The formazan granules show a linear arrangement
in the keratinizing zone (arrows), as the large
squamous cells shrink in the course of keratiniza-
tion. A young sebaceous gland (5) is composed
mainly of dark-stained, undifferentiated cells,but a few faintly staining sebaceous cells are
present in the center. (X 600.)
LDS is localized in the sarcoplasm surrounding
the myofibrils, and according to Padykula (2)
also the SDS. The present investigation demon-
strated that also the MDS is located in the sarco-
plasm. Since these three dehydrogenases are
known to be localized in the mitochondria (24),
they could not possibly be situated in myofibrils
which lack mitochondria (25).
Enzyme Activities during Histogenesis. There
was no essential difference in the distribution of
the three dchydrogenase systems in rat skin
during the embryonic and the adult stage. Most
cutaneous structures, once they showed a positive
reaction, maintained this reactivity through the
whole course of the maturing processes and
showed maximal reactivity when they had
attained full growth. Dermal papillac and
vascular elements formed the exceptions; their
FIG. 12. LDS stain. 5-day old rat. Two fully
grown hair follicles derived from primary epi-
thelial germs reach the dermal muscle layer and
are accompanied on each side by follicles arising
from secondary epithelial germs. The hair bulbs
and the lower portion of the follicles are strongly
reactive, including the medullary cells of the hairs,
up to the keratogenous zone (K), which is even
more strongly stained. Above this zone, the re-
action ceases in the hyalinized inner root sheath
but is still somewhat evident in the outer sheath.
In the dermal muscles, dark-stained small fibers
and light-stained large fibers are intermingled.
Fat globules (F) are stained slightly. The hair
papillae are weakly reactive in the strongly
stained hair bulbs. (X 150.)
reactivity diminished and eventually disappeared
in the middle of their development.
Enzyme Activities in Kerntin. Hershey and
Mcndlc (26), who determined the activity of
malic and lactic dchydrogcnasc with quantita-
tive micromcthods, had found that the activity
of these enzymes in keratin amounted to approxi-
mately one-third of the activity found in viable
epidermal cells. Our study, however, revealed no
enzymatic activity in the kcratin layer, except
that formazan granules were present in linear
alignment in two or three thin layers of cells
showing incomplete keratinization between the
malpighian and the horny layers (ef. Figs. 4, 11,
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Fm. 13. LDS stain. Adult rat. Growing phase
of the skin. Formazan granules are located around
the nuclei of the cellular epidermis and of the
external root sheath. Two short arrows in the epi-
dermis point to the linear arrangement of the re-
active granules in the incompletely keratinized
cells beneath the horny layer. A long arrow in the
dermis points to a reactive connective tissue cell.
(X 600.)
13). It would seem possible that in Hershey and
Mendle's biochemical experiments the keratin
specimens included a portion of the incompletely
keratinized layer and, possibly, also the upper-
most portion of the cellular epidermis.
Respiration and Glycolysis in Skin. Our histo-
chemical observation that the activities of
enzymes involved in cellular respiration, such as
the SDS and the MDS, are much greater in the
cells of mature organs than in the cells of imma-
ture organs at first glance would not seem to be
in agreement with the biochemical findings of
Barron et al. (27). These authors, in a study of the
oxygen uptake by skin slices obtained from rats,
had observed that in fetal skin the rate of respira-
tion and glycolysis was five to six times higher
than in adult skin, and that this high metabolic
activity lasted until about the 7th day after
FIG. 14. MDS stain. 10-day old rat. Longitudi-
nal section through the keratogenous zone of a
follicle. The medulla (Mcd) consists of cells show-
ing strongly reactive granules around the nuclei,
while the cortex (Cort) is stained intensely in
parallel straight lines. The outer root sheath (Out),
as a continuation of the basal layer of the epi-
dermis, shows a strong reaction, while the inner
root sheath (Inn) shows a slight reaction. (X 800.)
birth, when it dropped abruptly to the low
values characteristic of adult skin. Although it is
always difficult to compare findings obtained
with different methods, it is conceivable that the
calculation of enzymatic activity on a mg. dry
weight (Q02) basis, as was done by Barron et al.,
would result in high values for the rate of respira-
tion on whole skin slices of rat embryos since
such skin contains a large proportion of cellular
components such as epithelial germs and a thick
cellular epidermis. On the other hand, one would
expect that adult skin, because it has rather
sparsely distributed hair follicles, which at that
are composed largely of keratinized non-reactive
hairs, and has a thickly keratinized epidermis,
would cause a low rate of respiration. Thus, it is
entirely understandable that even though enzy-
matic activity in adult skin is greater than in
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embryonic skin as far as each individual ccli is
concerned, it still is smaller than in embryonic
skin when calculated on a weight basis.
From the above, it seems appropriate to com-
pare our histochemical findings not with data
calculated on a mg. dry weight basis but with
data in which the enzymatic activity is calcu-
lated on a mg. deoxyribonucleic acid (DNA)
basis, since then the enzymatic activity is
expressed at the cellular level. Thus, Gricsemer
(28) found that the difference existing in the
activity of the SDS in the cpidermal cells during
the resting stage and during the growth stage of
the hair cycle was much more striking when it was
calculated on a mg. DNA basis, indicating cell
numbers, than on a mg. dry weight (Q02) basis.
Furthermore, Freinkel (29) found a significant
difference in the utilization of glucosc-C-14 by
the epidermis and by the dermis of humans. The
difference between epidermis and dermis was
greatest in glabrous skin in which appendages in
the dermis are scarce, and was least in the scalp
where sebaceous glands are plentiful. Frcinkel
(29) also demonstrated that the number of
actively metabolizing cells per unit weight to a
great extent determined net glucose assimilation.
Krebs Cycle in Skin. The present histochemical
demonstration in rat skin of the SDS, MDS and
LDS, all of which are involved in the Krebs cycle
and in carbohydrate metabolism, seems to sup-
port the contention that the Krebs cycle exists
in the skin, as has been postulated by several
authors on the basis of biochemical observations
(31, 32), even though apparently it plays a rela-
tively small role. Barron et al. (27), using whole
skin slices of rats, had observed that succinate
produced a considerable increase in oxygen
uptake among the intermediates of carbohydrate
metabolism, while citrate and alpha-ketoglutar-
ate had no effect. These authors further reported
that they had found no isocitric dehydrogcnasc
in the skin slices, and that a concentration of
iodoacetate, which inhibited glycolysis by 83%,
resulted in an inhibition of respiration by only
22%; and similarly, that glyceraldehyde, which
inhibited glycolysis by 74%, had no inhibitory
effect on respiration. They concluded, therefore,
that the metabolism of glucose in the skin largely
proceeds through pathways other than glyco-
lysis, i.e., through oxidation of hexosemonophos-
phate; and that possibly the metabolism of carbo-
hydrate in the skin ends through the succinate
fumaratc system linked to pyruvate. Frcinkel
(29), adding glucose-C-14 to human skin in vitro,
observed that less than 2% of the assimilated
glucose was oxidized in the Krebs cycle, while up
to 70% was converted to lactic acid through the
hexosemonophosphatc shunt. Bullough and
Laurence (33) observed that glucose had a great
effect on mitotic activity in the hair bulb, and
that this effect was much greater than the effect
of the three Krcbs cycle intermediates citrate,
fumarate and succinate. On the other hand,
Griesemer and Gould (31) found that the addi-
tion of succinate, oxalacetate, alpha-ketoglutar-
ate, fumarate or malate to the reaction mixture
caused a significant stimulation of the basal Q02
of the skin, while glutamate and citrate did not
stimulate it, and pyruvate was equivocal. On
the basis of these data, they suggested the possi-
bility of the existence of the Krebs cycle in the
epidermis. Moreover, Cruikshank et at. (32), in
contrast to Barron et at. (27), were able to demon-
strate the presence of isocitric dehydrogenase in
human skin and concluded that the Krebs cycle
does operate in the skin.
SUMMARY
1. The activity and distribution of the succinic
(SDS), malic (MDS) and lactic (LDS) dehydrogen-
ase systems were followed from the embryonic
to the adult stage in rat skin.
2. The essential distribution of these three
dehydrogenase enzyme systems was the same in
embryonic and in adult skin. Each reacting organ
revealed enzymatic activity as soon as it appeared
in the course of histogenesis. The intensity of the
reaction in each reacting organ increased grad-
ually and was most pronounced at full maturity,
except in the hair papillae and blood vessels, in
which the intensity of reaction decreased sig-
nificantly as these structures matured.
3. Activity of the SDS was demonstrated in
the following structures of adult skin in this
order of intensity: hair bulbs, lower portion of
hair follicles, generative cells of sebaceous glands,
cellular (non-keratinized) epidermis, outer and
non-hyalinized inner root sheaths of the upper
portion of the hair follicles, dermal muscles,
arrector pili muscles and connective tissue cells,
including mast cells. The staining reaction in the
hair papillae and blood vessels which had been
present in embryonic skin was no longer present
in adult skin.
4. The distribution of the MDS and LDS was
essentially the same as that of the SDS through-
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out the entire course of development of the skin.
The intensity of the enzyme reaction, however,
was much greater than that of the SDS in each
reacting organ. The addition of quinones in-
creased the reactivity of the SDS to the level of
the MDS and LDS.
5. During the cyclic changes which occur in
the lower portion of the hair follicles and in the
cellular epidermis of adult rats the intensity of
reaction of the SDS, MDS and LDS varied. It
diminished during the resting phase, although
there still was a detectable reaction, in the epi-
thclial sacs of club hairs and in the cord-like
elongation ("hair germs") of shrunken lower
follicles. On the other hand, the sebaceous glands,
arrector pili muscles, dermal muscles and con-
nective tissue cells, including mast cells, did not
show any variation in their intensity of reaction.
6. In conjunction with recent biochemical
data, the histoehemical demonstration of active
succinic, malic and lactic dehydrogenase systems
in many structures of the skin seems to support
the existence of the Krebs cycle in the skin.
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